A central supermassive black hole (SMBH) with a mass 10 6 −10 9 M appears to be a common feature in nearby galaxies and the likely power source in quasars and active galactic nuclei. We demonstrate that the formation of a central black hole is a natural and inevitable consequence of the gravothermal catastrophe in a self-interacting dark matter (SIDM) halo. Through gravothermal evolution driven by collisional relaxation, an SIDM halo will form a massive inner core whose density and velocity dispersion will increase secularly in time. Eventually, the inner core arrives at a relativistic radial instability and undergoes dynamical collapse to a black hole. The initial mass of the black hole will be 10 −8 − 10 −6 of the total mass of the halo. We show that if at formation the overdensity in the SIDM halo is not too large, SMBHs in the observed mass range can form directly in very massive halos following core collapse. Alternatively, with large overdensities, moderate mass halos undergo core collapse to form central seed black holes of intermediate mass, and these holes can then merge and/or accrete to reach the SMBH range. Forming SMBHs by core collapse in SIDM halos requires no baryons, no prior epoch of star formation and no other mechanism of forming black holes seeds.
A central supermassive black hole (SMBH) with a mass 10 6 −10 9 M appears to be a common feature in nearby galaxies and the likely power source in quasars and active galactic nuclei. We demonstrate that the formation of a central black hole is a natural and inevitable consequence of the gravothermal catastrophe in a self-interacting dark matter (SIDM) halo. Through gravothermal evolution driven by collisional relaxation, an SIDM halo will form a massive inner core whose density and velocity dispersion will increase secularly in time. Eventually, the inner core arrives at a relativistic radial instability and undergoes dynamical collapse to a black hole. The initial mass of the black hole will be 10 −8 − 10 −6 of the total mass of the halo. We show that if at formation the overdensity in the SIDM halo is not too large, SMBHs in the observed mass range can form directly in very massive halos following core collapse. Alternatively, with large overdensities, moderate mass halos undergo core collapse to form central seed black holes of intermediate mass, and these holes can then merge and/or accrete to reach the SMBH range. Forming SMBHs by core collapse in SIDM halos requires no baryons, no prior epoch of star formation and no other mechanism of forming black holes seeds. Evidence is accumulating that many nearby galaxies host a supermassive black hole in their centers. Masses of these black holes are inferred to be 10 6 − 10 9 M , and to date dozens of candidates have been discovered [1] . Central black holes in the same mass range are considered the likely power sources in quasars and active galactic nuclei [2] [3] [4] . Recent observational data have identified a strong correlation between the inferred black hole mass and the stellar velocity dispersion in the host galaxy bulge [5] ; a correlation has also been found between the black hole mass and the mass of the bulge [6] . Both correlations suggest that formation and evolution of the central black hole and the bulge of the host galaxy may be closely related.
The origin of these supermassive black holes (SMBHs) remains an open question. Proposed scenarios include, for example, the collapse of a supermassive star [7] , possibly built up by collisions and mergers of ordinary stars [8] . Another scenario involves the collapse of the core of a dense relativistic cluster following gravothermal evolution. The core of such a cluster (e.g. neutron stars or stellar mass black holes) gradually evaporates mass to an extended halo on a gravitational (Coulomb) scattering relaxation timescale, while the core density and velocity dispersion grow (the "gravothermal catastrophe"; [9, 10] ). Zel'dovich and Podurets originally conjectured [11] and Shapiro and Teukolsky [12] subsequently demonstrated that a nearly collisionless gas in virial equilibrium like a star cluster experiences a radial instability to collapse on a dynamical timescale when its core becomes sufficiently relativistic. As the instability sets in, the core and its immediate surroundings undergo catastrophic collapse to a black hole and the ambient halo settles into a new dynamical equilibrium state around the central hole.
Here we report that the formation of a black hole in the center of a galactic halo is a natural and inevitable consequence of the gravothermal evolution of self-interacting dark matter (SIDM) halos. The possibility that dark matter particles are "self-interacting" was recently revived by Spergel and Steinhardt [13] . They speculated that such matter would alleviate some of the apparent discrepancies between the predictions of numerical simulations of ordinary cold dark matter (CDM) and the observed properties of dark matter halos on subgalactic scales. Studies of SIDM via N-body simulations [14, 15] and via a gravothermal approach [16] have confirmed that SIDM halos are more consistent with observations. Most notably, they exhibit a flat density core, rather than the cuspy one that arises for CDM [17, 18] . An isolated SIDM halo evolves gravothermally, since the thermal relaxation timescale due to collisions is shorter than the typical ages of cosmological halos. Furthermore, unlike a a star cluster, a SIDM halo retains an appreciable core mass as it evolves towards the relativistic instability [16] .
I. GRAVOTHERMAL EVOLUTION AND COLLAPSE OF A SIDM HALO
After virialization, evolution in a SIDM halo is most rapid in its dense core, while the extended halo remains nearly static. The structure of a relaxed SIDM halo can be defined by the central mass density ρ c , the (onedimensional) velocity dispersion v c , and the total halo mass M tot . In the following we assume that the extended halo merges smoothly into the background dark matter and we ignore the perturbative role of the baryons. For a given cosmology, the background density,ρ, is a function only of redshift. For simplicity we assume that the central density contrast x ≡ ρ c (t = 0)/ρ at halo virialization is independent of redshift and halo mass, which is consistent with the simulations of Davè et al. [15] and recent work on truncated isothermal spheres by Iliev and Shapiro [20] . The independent parameters of a SIDM halo are then M tot , x and z 0 , the redshift of virialization. It is useful to define mass and radius scales, M 0 and R 0 respectively, where M 0 = 4πR 
Evolutionary Stages. The properties of a region in the halo depend critically on the ratio of the collisional meanfree-path, λ, to the gravitational scale height, H:
where ρ is the local mass density, v is the local one dimensional velocity dispersion, and σ is the SIDM cross section per unit mass. In the long mean-free-path (lmfp) region, where λ H, particles perform several orbits between each collision; in the short mean-free-path (smfp) region, where λ H, particle motion is severely restrained, and heat transfer proceeds through collisional diffusion, as in a fluid. Simulations of the virialization of SIDM halos show that a halo core must form in the lmfp regime [13] ; otherwise the particles behave like a fluid and generate strong shocks, whereby entropy loss to the halo destroys the central core structure [19] .
The requirement that at formation the core satisfies (λ/H) c ≥ 1 yields an upper limit for the halo mass for a given combination of σ, x and z 0 :
Black Hole Formation and Mass. Gravothermal evolution of a SIDM halo is shown in Figure 1 [16] . While the extended halo (ρ ∝ r −2.19 ) remains in the lmfp limit, the core becomes increasingly dense. The core eventually bifurcates into a smfp inner part which is fluid-like (λ H), and a lmfp outer part which is nearly static. The transition region between the two corresponds to λ/H ∼ 1. It is the inner core and its immediate surroundings which collapse to a black hole following the onset of the relativistic instability, leaving the outer core and extended halo in dynamical equilibrium about the central hole [12] . As shown in [16] , the evaporation of mass due to collisions from a lmfp core into the halo is rapid with
27. In such a (dilute) core the entire volume participates in collisions which scatter particles to the halo. But once the core becomes very dense, with λ/H > ∼ 100 at the center, evaporation is limited to a surface effect and is much less efficient. We find [16] that if the core of a SIDM halo forms with λ/H ≥ 1, its mass decreases by about one order of magnitude prior to reaching the smfp limit (while the central velocity hardly changes), after which the core mass decreases according 
(4)
Core Lifetime. If following virialization both the nascent core and extended halo are in the lmfp regime, the lifetime of the core until collapse is [16] t coll ≈ 290t r (0), where t r (0) is the collision relaxation timescale in the core at formation,
and a 2.26 for purely elastic, hard-sphere collisions and a Maxwell-Boltzmann velocity distribution. Requiring that the core of a halo formed at redshift z 0 collapses by redshift z 1 yields a lower limit on the mass of the SIDM halo:
II. A DIRECT SCENARIO FOR SMBH FORMATION
Equation (4) limits the magnitude of M coll at the onset of relativistic collapse. Since the core is expected to virialize with nonrelativistic velocities, v c ≤ 10 2 − 10 3 km s −1 , the core mass at collapse will be several orders of magnitude smaller than M c (0) ≈ 10 −2 M tot . Consequently, gravothermal evolution directly culminating in a SMBH with a mass above 10 6 M requires that the total mass of the progenitor SIDM halo exceed 10 12 M . Equations (3) and (6) determine the range of halo masses formed at redshift z 0 that undergo core collapse by redshift z 1 . These masses increase for smaller values of the ratio x, i.e., for smaller central density contrasts at halo formation.
We examine this scenario by setting x to the relatively small value of x = 1.8×10
4 , which leads to g ≈ 206. This is the value derived for a truncated isothermal sphere of dark matter by Iliev and Shapiro [20] for an Einstein de-Sitter universe, and also applies for all but very small redshifts for a flat universe with a finite cosmological constant [21] . In Figure 2 we show the range of halo masses which experience core collapse (upper frame) as a function of formation redshift z 0 . The dashed curve corresponds to the upper limit of Eq. (3) and the solid curves correspond to the lower limit found by Eq. (6). Since the lower limit depends also on the desired redshift at collapse, z 1 , we show three variations: z 1 = 6, 3 and 0. The lower frame shows the corresponding core (≈ black hole) masses at collapse, which result from Eqs. (1) and (4). In all curves the cosmological model is Ω m = 0.3, Ω Λ = 0.7 and h = 0.65, and we set σ = 5 cm 2 gm −1 [15] . We find that SMBHs of 10 6 −10 7 M can form in massive halos which experience core collapse at intermediate and low redshifts. At redshift z 1 = 6, our model limits the initial black hole mass to M ≈ 5 × 10 5 M . Subsequent accretion onto the black hole must be invoked to reach masses of 10 9 M [23] , especially to reconcile with recent observations of high red shift quasars. Very young halos are practically excluded as candidates for reaching core collapse by redshift z = 0: halos formed later than z ≈ 1.5 will not have reached core collapse, regardless of mass, and only cores of extremely massive halos (M tot ≥ 10 14 M ) could have collapsed if formed after z = 3. 
FIG. 2.
Masses of SIDM halos that can undergo core collapse by redshifts z1 = 6, 3 and 0 (upper frame), and the corresponding core mass at collapse (lower frame), as functions of formation redshift z0. Dashed curves correspond to the upper limits (Eq. [3] ) and solid curves to the lower limit (Eq. [6] ) as functions of z0 and z1. In this model the density contrast x ≡ ρc(t = 0)/ρ = 1.8 × 10
4 .
III. A BOTTOM-UP SCENARIO FOR SMBH FORMATION
Producing large values of M coll requires very massive halos in the direct scenario. Virialization of such massive halos, especially at high redshift, is not favored in the currently accepted theory of structure formation [24, 25] . The mass range of halos that can undergo core collapse within a Hubble time is closer to values favored by current theory provided the fiducial value of x is larger (see Eqs. [3, 6] ). In Figure 3 we show similar results to those of Fig. 2 , except that now x = 10 6 (and g ≈ 902). This value appears to be in better agreement with the numerical simulations of [15] , at least for low redshifts.
The relations M min ∝ x −7/2 and M max ∝ x −2 show why core collapse shifts to relatively low mass halos for x = 10 6 . For this x any halo which virializes at redshift z ≥ 5 will have undergone core collapse. However, young halos formed at low redshifts will still be safe from core collapse, as we found also for x = 1.8 × 10
4 . In this scenario, core collapse even by redshift z = 6 is quite possible, for halos with masses in the range 10 7 −10 10 M virialized at redshifts z = 7 − 10. The masses of the collapsed cores are small, and for halo masses considered realistic in the Press-Schecter formalism [24] , M coll ≤ 10 2 − 10 3 M . In this case gravothermal core collapse does not lead directly to the formation of SMBHs found in the centers of galaxies, but the resulting intermediate mass black holes can serve as seeds for SMBH build-up, perhaps through mergers [3, 23] . 
IV. DISCUSSION
Gravothermal core collapse in a SIDM halo triggers the formation of a SMBH at its center. The black hole forms when the inner core becomes relativistic and dynamically unstable. We estimate that the mass of the collapsing core will be 10 −8 − 10 −6 times the total mass of the halo: at virialization the velocity dispersion is typically ≤ 10 2 km s −1 and then increases to relativistic speeds by gravothermal evolution, which is always accompanied by mass loss from the core.
For massive (> 10 13 M ) halos which virialize at modest overdensities, SMBHs with masses of 10 6 − 10 7 M can form directly through gravothermal collapse. An alternative scenario where smaller SIDM halos preferred in current cosmological models reach core collapse in a Hubble time is also possible and arises if the typical overdensity of the halos at virialization is large. In this case any halo which forms prior to redshift z = 5 would produce a black hole by z = 0, and black hole formation at high redshift is also possible. However, these halos would give rise only to low and intermediate mass black holes, ≤ 10 2 −10 3 M . These might be seeds of SMBHs through multiple halo mergers [23] . Even if only a few percent of the halos achieve core collapse by z = 5, this initial black hole population would be sufficient to generate the observed SMBH spectrum eventually [26] . Coalescence of black holes in halo mergers is a likely source of gravitational waves, potentially detectable up to high redshifts with ground based instruments like the Laser Interferometer Gravitational Wave Observatory (LIGO) as well as the planned Laser Inferometer Space Antenna (LISA). If most of the SMBH population does indeed arise through multiple mergers of lower mass seed black holes, the rate may be as large as several per year [26] .
The newly formed black hole may grow through accretion of SIDM from the halo. The main reservoir for accretion is the outer core, which is characterized by λ/H > 1, and includes a mass > ∼ 10 −3 M tot . If the ambient SIDM halo eventually dominates the spherical bulge of galaxies, then the accretion of the entire outer core would provide a natural means of producing the ratio M BH /M bulge observed in nearby galaxies. It would also explain the origin of the most massive (> 10 9 M ) central black holes. The possibility that SIDM accretion onto seed black holes is the origin of SMBHs was also proposed in [27] , but there it is assumed that the seeds arise from supernovae explosions in massive stars rather than the gravothermal scenario discussed here. Their quantitative results depend crucially on an assumed singular power-law density profile for the SIDM, which has yet to be verified selfconsistently.
Young halos, especially low mass ones, could not have reached core collapse by z = 0. This allows SIDM halos to explain the flat density cores observed in some in some dwarf and low-surface-brightness galaxies, where the inferred values of central density and velocity dispersion are ρ c ≈ 0.02 M pc −3 and v c < ∼ 10 7 cm s −1 , yielding a gravothermal core collapse lifetime that greatly exceeds the Hubble time.
To identify the main route for SMBH formation, it would be useful to determine the SMBH population as a function of redshift. More data about the presence or absence of central black holes in dwarf galaxies would also be helpful, by providing limits on the masses of objects which harbor a SMBH.
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